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© Lens inspection system and method 

© A system and method for inspecting ophthalmic lenses. The system comprises a transport subsystem for 
moving the lenses into an inspection position, and an illumination subsystem to generate a light beam and to 
direct the light beam through the lenses. The system further comprises an imaging subsystem to generate a set 
of signals representing selected portions of the light beam transmitted through the lenses, and a processing 
subsystem to process those signals according to a predetermined program. The illumination subsystem includes 
a light source to generate a light beam and a diffuser to form that light beam with a generally uniform intensity 
across the transverse cross section of the light beam. The illumination subsystem further includes a lens 
assembly to focus a portion of the light beam onto an image plane, and to focus a portion of the light beam onto 
a focal point in front of the image plane to form a diffuser background pattern on the image plane. 
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BRIEF DESCRIPTION O F THE DRAWINGS 

Figure I -sent invention. 

Figure 3 is a plan view of an ophthalmic S ^ L "T^" 0 " SyStem shown in Fi 9^e 1. 
Figure 4 is a side view of the ophthalmic lens of Fiaure 1 s V stem of Figure 1. 
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inspection system of Figure 1. preferred lens inspection process used with the 
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Figures 14 and 15 show vectors that may be searched to find a lens in an image. 
Figures 16A and 16B illustrate a pixel searching technique used in the preferred processing procedure. 
Figures 17A and 17B show examples of lens searches that locate a noise object before locating the 
lens. 

5 Figures 18 and 19 illustrate several features that may be used to determine whether a lens is badly 

torn. 

Figure 20 schematically illustrates points on a lens edge that may be used to determine a model for 
that edge. 

Figure 21 shows the concept of using radial deviation as a technique for determining angular tear spans 
w for a lens. 

Figure 22 shows graphically a technique for determining , tear severity for a lens that has a discontinu- 
ous contour. 

Figure 23 illustrates three windows that may be used to identify the junction between the peripheral and 
optical zones of a lens. 

15 Figures 24 and 25 show two operators used to help identify the junction between the peripheral and 

optical zones. 

Figure 26 illustrates a gradient histogram used to identify the junction between the peripheral and 
optical zones. 

Figure 27 shows a geometric relationship used in the decentration calculation. 
20 Figure 28 shows the approximate location of the tick marks of a lens package, within an image. 

Figure 29 shows a search region used to locate a first of the tic marks in an image. 
Figure 30 shows search regions used to find additional tic marks. 

Figure 31 illustrates search vectors that may be employed to identify a tic mark within a tic mark zone. 
Figure 32 shows two regions in an image that may be used to adjust the grey levels of a tic mark. 
25 Figure 33 illustrates how a tic mark is transformed. 

Figure 34 illustrates the result of the transformation on a single row across a tic mark. 
Figure 35 graphically illustrates the center zone region of a lens. 

Figure 36 illustrates the pixel neighborhoods used for subsampling and gradient calculations. 
Figure 37 shows a cross-section of a typical lens puddle. 
30 Figure 38 graphically shows the peripheral zone of a lens. 

Figure 39 shows the relationship between the gradient magnitude vector and the tangent direction 
vector. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

35 

Figure 1 illustrates lens inspection system 10; and, generally, system 10 comprises transport sub- 
system 12, illumination subsystem 14, imaging subsystem 16 and processing subsystem 20. Figure 1 also 
shows reject mechanism 22, reject controller 24, and a plurality of pallets 30, each of which holds a group 
of lens packages. 

40 With reference to Figures 1 and 2, preferably transport subsystem 12 includes conveyor belt 32; and 
illumination subsystem 14 includes housing 34, light source 36, reflector 40, and lenses 42 and 44. Also, 
with this preferred system 10, imaging subsystem 16 includes camera 46, and this camera, in turn, includes 
housing 50, pixel array 52, shutter 54, and lens assembly 56. Processing subsystem 20 includes image 
processor means 60, operator interface means 62, and supervisory computer 64; and, more specifically, 

45 processor means includes a plurality of processor and memory boards 60a, 60b, and 60c, and interface 
means includes monitor 66 and host computer 70. 

Generally, transport subsystem 12 is provided to move a multitude of ophthalmic lenses along a 
predetermined path and into a lens inspection system, referenced at 72 in Figure 1. Illumination subsystem 
14 is provided to generate a light beam and to direct that beam through the lenses moving through the lens 

so inspection position. Subsystem 16 generates a set of signals representing the light beam, or portions 
thereof, transmitted through each inspected lens, and then transmits those signals to processing subsystem 
20. Subsystem 20 receives those signals from subsystem 16 and processes those signals according to a 
predetermined program. For each inspected lens, subsystem 20 generates a signal indicating at least one 
condition of the lens; and with the embodiment of subsystem 20 disclosed herein in detail, the subsystem 

55 generates a signal indicating whether each inspected lens is suitable for consumer use. 

System 10 may be used to inspect a large variety of types and sizes of ophthalmic lenses. The system 
is particularly well suited for inspecting contact lenses, and Figures 3 and 4 illustrate, for example, contact 
lens 74 that may be inspected in system 10. Lens 74 has a generally hollow, semi-spherical shape, 

3 
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With reference to Figures 1 and 2, subsystem 14 is used to generate a light beam 92 and to direct that 
beam through lenses 74 in inspection position 72. More specifically, light source 36 is disposed in housing 
34, inside and adjacent the apex of parabolic reflector 40. The top of housing 34 is transparent and is 
preferably covered by a plate 94 of ground glass, and a doublet lens 42 and a field lens 44 are located in 
stjues between light source 36 and lens inspection position 72. 

The preferred illuminating optics are designed for high contrast within the lens under test. To 
accomplish this, the two lenses 42 and 46 are used underneath the package! The purposes of these lenses 
are to condense the light and to compensate for the optical power created by the solution in cavity 86, as 
well as to enhance the optical contrast. 

In order to provide for the desired inspection of the center of lenses 74, the preferred illumination of the 
Ions allows the whole center of the lens to be uniformally illuminated at grey levels in excess of 160, on a 
scale of 0 to 255. As discussed below, the camera sensor 52 is sensitive to grey levels ranging between 0 
to 255. However, also as described in greater detail below, to enable the desired inspection of the center of 
the lenses, the peripheral zones of the lenses are a different grey level than the back optic zone, in order to 
generate a detectable boundary at the junction between the peripheral curve and the back optical curve. 
This boundary describes the inner circle of the peripheral zone and is used to test for decentration due to 
misalignment of the back and front curve molds used to mold the lens 74. 

The light source 36 is preferably a strobe lamp that is capable of producing, or firing, a five joule, ten 
microsecond pulse of light, whenever image processor 60 generates a command signal, referred to as a 
grab image command. A 450 millisecond recovery time is preferably provided for the strobe lamp to 
recover between firings of the light pulses. 

The use of ground glass plate 94 affords higher energies of illumination, since most of the light energy 
remains unscattered from the pallet entrance pupil. A relatively small amount of light is scattered out of the 
optical path of the system, with most of the light reaching the camera sensor 52. 

Since the lens package 82 has a curve to form a gravitational potential to center the lens in cavity 86, 
the package acts as a lens within the imaging subsystem 16. For example, with an embodiment of the 
invention that has actually been reduced to practice, package 82 acts as a lens with a focal lens of 25 mm. 
Thus, the light exiting package 82, if uncorrected, would sufficiently diverge prior to entering the camera 
lens 56 so as to miss the camera aperture. This would tend to underilluminate the image of the lens under 
test, and reduce the available contrast in the image of the lens produced on pixel array 52. To correct for 
this divergence, field lens 44 is placed under the package 82 to counteract the optical power of the solution 
in the package cavity 86. 

With an embodiment of the invention that has been actually reduced to practice, singlet lens 44 is from 
Newport or Melles Griot, and is a -25 mm focal length biconcave glass lens. It has a center thickness of 2.5 
mm and a nominal edge thickness of 7.73 mm, and the diameter of the singlet lens is 25.4 mm. A 
broadband anti reflection coating is applied to the lens to reduce reflection and improve transmission 
through the lens, thus enhancing contrast. The coating chosen is the AR14, which is effective in the 430 to 
700 nm wavelength region. 

The doublet lens 42 is the collector lens for the illumination subsystem 14. The first focal point of 
doublet lens 42 falls on the ground glass plate 94, in order to approximately collimate the light transmitted 
through the doublet lens. The doublet lens may be made of ordinary BK-7 glass, although a fused silica 
lens can be substituted without modification of the mechanical mounts. 

Imaging subsystem 16 receives the light beam transmitted through the lens 74 in the inspection 
position 72 and generates a series of signals representing that light beam. With reference to Figures 1 and 
2, pixel array 52 is disposed inside camera housing 50, directly behind shutter 54. Pixel array 52 is 
preferably comprised of a multitude of light sensors, each of which is capable of generating a respective 
electric current having a magnitude proportional to or representing the intensity of light incident on that 
sensor. As is conventional, preferably the light sensors, or pixels, of pixel array 52 are arranged in a uniform 
grid of a given number of rows and columns, and for example, that grid may consist of approximately one 
million pixels arranged in approximately 1000 columns and 1000 rows. Figure 8 schematically illustrates a 
portion of a pixel array, and notation used herein to refer to pixels of the array. 

Preferably, the capability of the vision subsystem 16 exceeds the resolution necessary to classify all of 
the specified conditions for which lenses 74 are inspected. For example, a camera may be used that is 
capable of resolving 0.012 mm objects. With 1,048,576 pixels in the imaged area, covering a 14.495 mm 
field of view, each pixel covers 0.01416 mm of linear object space. Thus, a lens condition, such as an extra 
piece or hole, covering exactly three pixels at its largest diameter would be no more than 0.0425 mm in 
size. Therefore, the vision system has the capability of detecting conditions smaller than what is commonly 
considered as the smallest flaw for which a lens may be rejected. 
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Host computer 70, which preferably includes a keyboard 70a and a video terminal 70b, is connected to 4 
processor means 60 to display visually data or messages being input into the processor. Monitor 66 is also 
connected to processor means 60 and is provided to produce video images from the data values, stored in 
the processor means, and monitor 66 may also be used to display inspection results and totals. Preferably, 

5 monitor 66 is a high resolution color monitor and is controlled by a Perceptics high resolution display card, 
the HRD900, which is also connected to image boards 60a, 60b, and 60c. RS232 connectors on the 
processor boards allow terminal 66 to interact with the processor boards. 

More specifically, the system's operator interface is accomplished through Sun host computer 70 and 
high-resolution monitors 66. The Sun host computer allows connection and communication to the processor 

io boards. The keyboard of the host computer is used to input information to the processor boards and video 
displays, of the type referred to as windows, on the monitor of the host computer displays results and 
status messages. The high-resolution monitors display those images captured during operation. Status and 
results information are also displayed on the high-resolution monitors. 

With reference to Figure 10, each time a lens is imaged, it will briefly appear on the high resolution 

75 monitor, along with an inspection report for the entire pallet. Any error messages, as necessary, may also 
appear on the high resolution display. The image on the high resolution monitor is broadcast by the high 
resolution display board, or HRD. This board controls the video bus. It acquires the images from the IP-940 
image processor boards and displays either the edge or center image, from the edge or center cameras, 
respectively, as selected by an operator. Essentially, the HRD board monitors the images as they are 

20 processed, and displays them in real time on the monitor, without interfering in the processing of the 
images. 

A graphical user interface may be used to transmit commands and data from an operator to processor 
means 60. Figure 1 1 shows a main window of a graphical user interface, a single screen control mechanism 
for the processor boards in the system. Preferably, this screen is brought up by entering one command. 

25 machinename% ipmgr&, at the host, preferably Sun, command prompt. From this screen terminal, windows 
can be added or subtracted from the host computer window environment. By selecting the "terminals" 
button at the top of the ipmgr window, a new window appears, as shown in Figure 12. This window allows 
the operator to open a host window for each of the image processor boards. Opening each terminal window 
is like connecting a dumb terminal to each of the processor boards selected. They may be used for pallet 

30 Pass/Fail reports and for debugging or experimental situations. 

As will be understood, subsystem 20 may be provided with other or additional input and output devices 
to allow an operator or analyst to interact with processor boards and controller 24. For example, a printer 
may be connected to the processor boards to provide a printed record of selected data values or reports 
transmitted to the printed from the processor board. 

35 Preferably, a printout may be obtained by any of several methods via the host operating system. The 
screen reports from the master processor may be printed by saving the screen information to a file, and 
then printing it out at a later time. Also, the printer could be used to print information as it scrolls off of the 
screen. All of the information on lens disposition is sent concurrently to the supervisory computer, which 
preferably can assimilate the data and output production reports. 

40 With reference to Figure 9, all image processing hardware, the host computer, monitors, and an 
uninterruptable power supply are preferably housed in a single cabinet. All cabling found in the system that 
eventually becomes external to the cabinet first passes through a bulkhead plate. 

As discussed above, each time a lens 74 passes through inspection position 72, light is transmitted 
through the lens and onto pixel array 52, and the pixels of the array generate electric currents representing 

45 the intensity of the light on the pixels. These currents are converted to digital data values that are stored in 
processor means 60, and these data values are then processed, preferably to determine if the lens is 
suitable for consumer use. The preferred embodiment of the inspection process detects missing lenses, 
edge chips, edge tears, surface tears, excess pieces, holes, puddles, decentration, and rust, and the 
process analyzes these features to determine if the lens should be rejected. 

50 Figure 13 shows the major steps of a preferred lens inspection process. The first steps in this process 
are to locate the lens in the image on the pixel array, to test for a badly torn lens, and to model the outer 
edge of the lens. If a lens fails at any one of these three steps, then the lens may be automatically rejected. 
If the lens passes these first three steps, the algorithm determines the lens decentration, processes the 
package tick marks, and searches for flaws in the peripheral zone and then in the center zone of the lens. If 

55 any flaws are detected during these latter steps, then the algorithm determines whether the lens is 
acceptable or should be rejected. 
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edge pixel; and in the example shown in Figure 16B, that next edge pixel is Pj,j+2- This tracking process 
continues until the search returns to pixel P i(j , a predetermined number of contour pixels have been 
encountered before the contour returns to its starting location, or a search around a given pixel fails to 
identify any next edge pixel. 

5 Preferably, gradient magnitude is used during this tracking procedure to determine those pixels on and 

external to the object's contour. Calculation of gradient magnitude is identical to that used by the search 
vector routines and is defined by Equation (1). The threshold value used during this tracking is also identical 

to the one used by the search vectors and is specified by the parameter "E findThr." 

If, during tracking of the object, its contour starting location is not encountered before a specified 

w number of contour pixels have been tracked, a lens object is considered verified. If, however, the starting 
location is encountered before that specified number of contour pixels is reached, the object is not 
considered to be a lens, and is referred to as noise. The minimum lens contour length used during this 

verification test is given by the parameter "B cont cnt." If a noise object is encountered while searching 

along one vector, no further searching is performed along that one vector, and processing continues on the 

75 next search vector. This procedure is repeated until a lens has been found or until all search vectors have 
been tried. Figure 17A shows an example of a hypothetical lens detect search that finds a noise object 
before locating the lens, and Figure 17B shows an example of a hypothetical lens detect search that finds 
two noise objects before locating a badly torn lens. 

If a lens is not found after trying all search vectors, the lens is determined to be missing. This result is 

20 reported and further processing is aborted. If a lens is found, the image coordinates that originally detected 
the lens are retained and further processing is continued. 

Two further tests may be performed before the morphological features of the object are analyzed to 
determine if the object is a badly torn lens. First, if while tracking around the object, tracking runs off the 
outer boundary of the image memory, then the lens candidate is partially out of the field of view and the 

25 lens candidate is failed. In this case no further processing is attempted or performed on the image. Second, 
if while tracking around the object, a maximum number of contour pixels is exceeded, then the lens 
candidate is too large to be a single lens and the lens candidate is failed. 

Test for Fragmented or Badly Torn Lens 

30 

Thus, at this point, if processing is to continue, the lens candidate is either a badly torn lens or a whole 
lens. If the starting location of a lens candidate is encountered during tracking, then the object is considered 
to have been traversed along its entire outer dimension. The morphological tests for a badly torn lens are 
triggered, or initiated, by either the condition of encountering the starting pixel, or the condition of 

35 exceeding the maximum number of contour pixels. 

The preferred embodiment of the algorithm employs two main tests, referred to as elongation and 
bounding box size, to determine if an object is a badly torn lens. The elongation test is primarily designed 
to identify lenses having large segments removed or missing, so that the lens no longer approximates a 
circular object with a unitary eccentricity. The bounding box test provides a check on the elongation test, 

40 and in particular, is used to identify badly torn lenses that are somewhat circular. 

Both of the above-discussed tests use coordinate information obtained from tracking the entire contour 
of the lens. The tracking technique is identical to that used to verify lens detection. The tracking process 
uses gradient magnitude, as defined in Equation (1), to determine if a pixel is on or external to the lens 
contour. Eight connectivity analysis is used to track along the lens contour, and the gradient magnitude 

45 threshold is specified by the parameter "C findThr." 

As tracking is performed, a sequential record of the row and column locations of each pixel in the 
contour is maintained. Contour tracking continues until one of three events occurs: 1) tracking runs off 
image memory, 2) the maximum allowable number of contour pixels is exceeded, or 3) the starting location 
of the lens contour is encountered. 

50 If tracking runs off image memory, the lens is considered to be partially outside the image field of view 
and the lens is failed. The result is reported and further processing is aborted. If the starting location of the 
lens is encountered, or if the maximum allowable number of contour pixels is exceeded, then the 
morphological features referred to as elongation and boundary area or bounding box are extracted to 
determine if a badly torn lens is present. 

55 The elongation value of an object is given by Equation (2): 
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y'avg = the object's centroid along the minor axis. 
Elongation is then calculated as described in Equation (2). The calculated elongation value is compared 
to the value specified by the parameter "C_elong" to determine if the lens is badly torn or not. If, for 
example, that calculated elongation value is greater than M C_elong," then the lens is considered badly torn 
5 and is failed, and further processing is aborted. 

Figure 18 shows some of the terminology involved with the elongation feature. 

A bounding box feature is also calculated for the lens object. Generally, the bounding box is a box just 
large enough to hold the lens candidate based upon the maximum and minimum vertical and horizontal 
axes of the object. It has been found that such a box serves as a close approximation to the actual object 

10 area of the lens candidate. This test is employed to identify badly torn lenses that might not be identified by 
the elongation test. To elaborate, a badly torn lens could be so distorted that it could actually appear 
somewhat circular, and thus not be identified by the elongation test. The bounding box test utilizes the 
characteristic that a badly torn but somewhat circular lens, is substantially smaller than a normal size lens. 
The box is oriented along horizontal and vertical axes which pass through the object's centroid. Figure 19 

75 shows the concept of the bounding box test, and Equation (8) defines this test. 

Bounding Box = (right most column in object - left most column in object) "(bottom most row in object - top 

most row in object) (8) 

20 The calculated bounding box value is compared to the value specified by the parameter "C bdbox." If, 

for example, that calculated value is less than "C bdbox," then the lens is considered badly torn and is 

failed, and further processing is aborted. 

Model Lens Outer Edge 

25 

If the lens candidate passes both the elongation and bounding box size requirements, then a second 
technique for detection of badly torn lenses is performed. With reference to Figure 20, six circular models 
are defined from the object tracking data, using six data points on the object edge and approximately 60 
degrees apart. Each set of three consecutive data points is used to define a unique circle. The sets are data 
30 points {1,2,3}, {2,3,4}, {3,4,5}, {4,5,6}, {5,6,1}, and {6,1,2}. The circular model having the radius that most 
closely matches the radius defined by the parameter B_lens__dia, is used as the lens outer edge model. 

Preferably, for each circular model, the data points used to define the circle are first checked to ensure 
that they are not too close to each other. It is possible for this to occur if a lens contains a tear that prevents 
the contour from being continuous for the entire 360 degrees of a lens. A data set that contains data points 
35 that are too close to each other may inadvertently result in an erroneous model and is, preferably, ignored. 

Each pixel along the contour of the lens candidate is compared to the theoretical model used as the 
lens edge. Using a rectangular to polar coordinate look up table, each contour pixel is restated by using 
radius and angular displacement around the edge. If the value for the radius to any pixel is less than 90% 
of the radius of the circular model used as the lens edge, then the pixel is considered to be part of a large 
40 tear. Each group of pixels considered to be part of a common tear are measured in units of degrees. If the 
start and stop points of the tear demonstrate that the tear is larger than the parameter C__badtear, then the 
lens is considered badly torn and failed. Figure 21 illustrates the concept of using radial deviation as a 
technique for determining tear spans for a lens. 

In the event the contour of the lens is not continuous all the way around the lens, the algorithm marks 
45 the start and stop points of a tear by determining when the tracking along that contour reverses directions 
-a condition referred to as doubling back. When a first doubling back condition is sensed, that location is 
marked as the starting point of a tear. At this point, tracking has reversed directions and is following the 
inner side of the lens contour. Since it is not possible to reencounter the original discontinuity point from the 
other side of the lens, it can be inferred that the next doubling back condition detected is the opposite side 
50 of the tear that is causing the discontinuity. 

This technique is used to solve the problem of determining the severity of a tear in a lens that has a 
discontinuous contour. Figure 22 shows graphically the concept involved with this portion of the algorithm. If 
a discontinuity occurs within a tear, the span of the tear is adjusted to include the portion of the lens 
between the point at which the tear began and the discontinuity. This produces a more accurate 
55 representation of tear severity. 

If a lens has not been failed for running off the image memory space during tracking, or for exceeding 
the maximum number of contour pixels, elongation, or bounding box Size limits, the lens is considered to be 
whole. As Figure 13 shows, the lens has not yet been classified as passed, but at this point the lens has 
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are extracted on that model of the lens outer edge at approximately 0, 180, and 270 degrees. These data 
points are used as references for the location of three windows. The windows are located interior to the 
model of the lens outer edge and are used to find the Peripheral Zone/Center Zone boundary. Figure 23 
shows the location of these three windows. 

5 Within each of the windows, a large one dimensional edge operator is performed, and Figures 24 and 

25 show the gradient masks used to enhance vertical and horizontal edges respectively. Specifically, the 
windows at 0 and 180 degrees use the vertical edge mask described in Figure 24, and the window at 270 
degrees uses the horizontal edge mask described in Figure 25. 

Next, a measure of edge strength along the length of the windows is made. For the windows at 0 and 

w 180 degrees, each column has an edge strength associated with it. A summation of gradient values for the 
column being processed and the columns on either side of that column is compiled for each column in the 
window. A pass is then made over all these edge values to determine which column contains the greatest 
edge strength. Figure 26 shows a representation of a processed window and the resulting edge strength 
histogram. 

75 For the windows at 0 and 180 degrees, this peak column found from the histogram is considered to 

define the Peripheral Zone/Center Zone boundary. The row centers of the windows are the corresponding 
row coordinates that defines the two data points on the peripheral Zone/Center Zone boundary. Equations 
(11) and (12) show the histogram compilation and analysis in equation form. 

20 column edge strength [j] = ^(gradient 

magnitudes)^, + £(gradient magnitudes); + E (gradient magnitudes)]* , (11) 

where; 

j = the column being processed 

25 gradient magnitude = the gray-level result of the edge enhancement operator 

boundary column = maximum value of column edge strength [j] array for all values of j (12) 

From a conceptual standpoint, the processing in the window at 270 degrees is identical to the 
30 processing in the other two windows. However, for the window at 270 degrees, the edge of interest is 
horizontal instead of vertical, and hence all operations are essentially rotated by 90 degrees. The window 
dimensions are rotated, the horizontal edge mask is used, a row by row edge strength histogram is 
compiled and the row value of the Peripheral Zone/Center Zone boundary is the final result. The column 
center of the window is the corresponding column coordinate that defines a data point on the Peripheral 
35 Zone/Center Zone boundary. Equations (13) and (14) show this analysis in equation form. 

row edge strength [i] = Z (gradient 
magnitudes)^ + Z (gradient magnitudes^ + ^(gradient magnitudes)^ i (13) 

40 where; 

i = the row being processed 

gradient magnitude = the gray-level result of the edge enhancement operator 

boundary row = maximum value of (row edge strength [i]) for all values of i (14) 

45 

With these three Peripheral Zone/Center Zone boundary data points, a circular model is calculated. 

The angle of the axis upon which the minimum and maximum decentration occurs is calculated from 
the displacement of the lens' outer edge model center and the Peripheral Zone/Center Zone model center. 
This relationship is described in equation (15). 

50 

decentration axis angle = arctan(((row center), en s -(row center) PZ /cz)/((column center) P2/C z - (column 

center), ens )) 15) 

Once this angle is determined, the rows and columns of points on the Peripheral Zone/Center Zone 
55 model and on the lens outer edge model are calculated at that angle. Distances from these two points to 
the lens' outer edge model are then calculated. The difference in these two distances becomes the 
minimum decentration value. If the value turns out to be smaller than the minimally accepted distance 
specified by the parameter "C_minPZdist," the lens is failed due to decentration. Figure 27 shows the 
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misleading. In addition, flaws in a tic mark appear darker than the rest of the tic mark. For this reason, a 
search using a grey-level threshold procedure does not erroneously identify flaws inside the tic marks as 
boundaries of the tic mark, and a grey-level threshold is able to distinguish a tic mark from the lighter 
surrounding region. 

5 Preferably, the grey-level threshold used to identify row boundaries of a tick mark is calculated as a 

fixed percentage of the average grey-level of two regions that surround the tic mark. As an example, Figure 
32 shows two neighboring regions of a tic mark that may be used to calculate a grey-level threshold. When 
a pixel is encountered along the row search vector that is greater than or equal to this threshold, a boundary 
has been identified. The column centroid of the tic mark is then calculated from these two boundaries. 

io Alternatively, a gradient calculation could be used to identify the left and right boundaries of a tic mark. 
To do this, for example, a search vector may be traversed from the right side of the bounding region 
leftward to find the right edge of the tic mark. Gradient magnitudes may be calculated according to 
Equation (1); and when a gradient is greater than or equal to the threshold specified by the parameter 
"C__tickwthr," the tic marks right boundary is found. A search vector may then be similarly traversed from 

75 the left side of the bounding region rightward to find the tic marks left boundary. Figure 33 shows 
conceptually how a tic mark is handled on a row-by-row basis. 

Once the location of a TMZ is determined, it is blended with the surrounding image information using a 
procedure referred to as an offset transformation. The transformation essentially raises the grey-level of the 
tic mark, on a row-by-row basis, to a level that allows it to blend in with its neighboring region. With this 

20 procedure, defect information is retained, and an analysis of the transformed region for defects is later 
performed by the same algorithm used for all other areas of the center zone of the lens. 

More specficially, in this procedure, the grey-levels for two areas near the TMZ are averaged. These 
two regions may be the same as those used during the tic mark's centroid determination, shown for 
example in Figure 32. A difference, A row . is calculated between the average grey-level outside the TMZ and 

25 each of the tic mark rows; and for each row inside the TMZ, the value of A row is added to the value of each 
pixel along that row. The result of this offset transformation for a TMZ row containing a defect is depicted in 
Figure 34. As this Figure illustrates, the image of the pinhole flaw in the lens has been retained, but the 
TMZ itself has been blended into the neighboring region of the image surrounding the TMZ. Because of 
this attribute of the transformation process, the TMZ may now be examined uniformly as part of the CZ by 

30 the CZ inspection algorithm. 

Alternatively, a TMZ may be processed, not only by means of the linear offset transformation, but also 
to increase the gain of the pixels within the TMZ prior to such a transformation. This may improve the 
ability of the inspection algorithm to detect defects within the TMZ. Multiplying the TMZ by some gain 
factor prior to determining the offset value A row would increase the gradient of a defect object within the 

35 TMZ. However, this may also have the adverse effect of making the TMZ noisier. 

Once row and column centroids are found, a transformation is performed on the "tic mark." The 
transformation is restricted to a small rectangular region that encompasses the "tic mark" and is centered 
about the "tic mark's" centroid. The height (short dimension) and width (long dimension) of the bounding 
region is specified by the parameter "C_tickhgt" and "C tickwid," respectively. 

40 The other three tic marks may be found and processed in the same manner. Preferably, the search 
regions for these other three tic marks are each somewhat smaller than the search region for the first tic 
mark, since starting locations for these other three tic marks are referenced from the left-horizontal tic mark 
centroid. Also, for vertical tic marks, the operations are rotated by 90 degrees because the long dimension 
of the tic mark is in the row direction instead of the column direction. Figure 30 shows, for example, the 

45 search regions that may be used to find the other three tic marks. 

As with the left-horizontal tic mark, the transformation of the tic mark grey values does not detect flaws. 
The tic marks are preprocessed to a point where they can be properly handled by the algorithm used in the 
lens Center Zone analysis. In this way, the tic marks themselves will not be considered flaws, but true flaws 
that overlap or lie within a tic mark will be detected. 

50 

Holes and Marks in Center Zone 

Holes and marks in contact lenses typically appear as dark spots within the center zones of the images 
of the contact lenses. Such features may be discerned from the white background using gradient search 
55 algorithms. However, a gradient search to define objects in the CZ would take a comparatively large amount 
of time to perform. Because the entire image consists of 1,048,576 pixels, approximately 20 million 
operations would be required to test the entire image. 
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Puddles 

Puddles, which are cosmetic flaws, are slight depressions in the surface of the lens, and Figure 37 
shows a cross section of a typical puddle. The depression only involves one of the lens surfaces, unlike 
another defect known as a hole, which penetrates the entire lens. Since the depression is very gradual, 
puddles are, in general, difficult to see in a white light illumination system. Phase contrast systems, such as 
a modified Schlieren system, tend to enhance the edges of the puddles better. In a white light system, such 
as employed in system 10, only the deepest and most severe puddles are normally visible. In a phase 
contrast system, even index of refraction deviations caused by the heat from a finger are discernable. The 
result of the phase contrast hyper-sensitivity is that it tends to enhance less serious cosmetic flaws and 
display them in such a way as to reject lenses unnecessarily. In a phase contrast system of illumination, 
very shallow puddles appear just as serious as do the deeper flaws. 

Puddles tend to occur primarily on the outer region of the lenses and are the result of subtle variations 
in the SSM process. Lens puddles form during the curing process. Some puddles may disappear or 
become virtually invisible when a lens is hydrated, in which case the puddle is said to hydrate away. What 
actually occurs is that the hydration process smoothes the edges of a nearly invisible puddle into an 
invisible surface irregularity. 

The preferred embodiment of the algorithm inspects for puddles in two areas, the center zone, CZ, and 
the peripheral zone, PZ. The approaches to finding puddles in these two different zones originate from the 
actual appearances of puddles in these regions. In the CZ, puddles appear as dark lines on a white 
background, while in the PZ, the puddles are partially obscured by image noise and appear to have white 
halo accents. 

Puddles in the Center Zone 

Any puddle severe enough to cast a dark line in the CZ is rejectable in the same manner as any other 
mark. Preferably, the algorithm does not distinguish between individual defects. It is not important which CZ 
defect causes the image processor to fail the lens. A pristine lens will pass, and a lens with a puddle, or 
any other type of flaw in the CZ, will fail and consequently be rejected by the inspection system. 

Puddles that enter into the CZ are usually very large. Moreover, such puddles usually cross the PZ/CZ 
junction. Puddles that cross this junction are harder to detect in the region of the PZ than in the CZ. Less 
severe puddles, which have shallower depths and fainter lines, are more visible in the CZ than in the PZ. 

Puddles in the Peripheral Zone 

The peripheral zone is considered to be an annulus shaped region bounded by the outer edge of the 
lens and the boundary between the peripheral and center zones of the lens, and Figure 38 shows this 
region of a lens. Puddles in the PZ do not fall within the normal definition of center of lens flaws. 
Nevertheless, preferably, the inspection algorithm is able to find puddles in the PZ. 

The peripheral zone has some special features associated with it that warrant it being processed 
separately from the center zone. The grey-level of the peripheral zone is significantly lower than the center 
zone which causes noticeable gradients when passing from one zone to the other. These resulting gradient 
magnitudes could easily be mistaken for flaws, or could reduce detection sensitivity, if a thresholding test 
was used as a means of compensation. The lower grey-level in the peripheral zone is also accompanied by 
a texture, both of which cause flaws to be less pronounced. Also, since the PZ boundary is irregularly 
shaped, or rough, and contains gradient magnitudes within its annular region, many of these noisy image 
features resemble flaws. Finally, the peripheral zone is a region in which puddles are typically located. As 
mentioned above, puddles are characterized by subtle edges that tend to be parallel or perpendicular to the 
curvature of the lens outer edge. 

A modified version of blobs analysis is used as a means of segmenting foreground objects from 
background objects. If the foreground objects meet certain size and intensity criteria, they are considered to 
be flaws. Intensity criteria, which is used to distinguish individual pixels as foreground from background, is 
specified by the parameter "C pztanthr." Size criteria is specified by the parameter "C pzminblob." 

Blobs analysis makes a single raster scan pass over the image, determines connectivity of each new 
pixel with existing objects, and assigns unique labels to all newly encountered objects. A linked list keeps 
track of all objects found in the image and is updated in the event that objects which were initially 
determined to be separate become connected later in the image. Connectivity is preferably implemented 
such that if a pixel-of-interest is considered a foreground pixel and any of its eight immediate neighbors 
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if components are described in Equations (20? and £7 *** re9 '° n - The tan 9 ent di ^c«on vector and 
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closer to perpendicular than parallel. For example, if the gradient magnitude vector's vertical component is 
greater than its horizontal component and the tangent direction vector's horizontal component is greater 
than its vertical component; the gradient is closer to perpendicular than parallel. Equation (22) shows the 
adjustment made if this is the case. 

If the gradient is closer to being perpendicular than parallel to the tangent vector, 

swap tangent vector components 



temporary result = horizontal 
horizontaltan - vertical ta n 
verticaltan = temporary results 



(22) 



Equations (23) and (24) give maximum weight to those gradients that are exactly parallel or perpendicu- 
lar to the tangent vector. Weights trail off to a minimum at ± 45 degrees from parallel or perpendicular. The 
resulting tangent direction vector is shown in Equation (23). 



75 



20 



25 



30 



35 



tangent direction vector 



horizon ul 



ua 



VCTDCal tan 



(23) 



A pixel's gradient magnitude vector and components are detailed in Equations (24) through -(26). 

horizontal^ = abs(Pj-i. j+ i + 2 * P H1 j + Pj-u-i -(Pi+u+i + 2*P l+lij + P i+ i.j-i)) (24) 

where; 

horizontal gm = horizontal component of the gradient magnitude vector. 

vertical^ = abs(P j . 1 , i+1 + 2*P M+1 + Pm-ij+i -(Pi- u -i + 2*^-! + Pi + i (i -i)) (25) 

where; 

vertical gm = vertical component of the gradient magnitude vector. 
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1 vertical pn 
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(26) 



so The resulting vector dot product is shown in Equation (27). 

vector dot product = gradient magnitude vector • tangent direction vector 
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focusing a portion of the light beam onto a focal point in front of the image plane to form a diffuse 
background pattern on the image plane; 

generating a set of signals representing the lens images formed on the image plane; 

processing said signals according to a predetermined program to identify at least one condition of 
each of the lenses. 

6. A method according to Claim 5, wherein the lenses are located in packages having an optical power, 
and wherein: 

the step of focusing a portion of the light beam onto the image plane includes the step of locating a 
field lens below the inspection position to compensate for the optical power of said packages; and 

the step of focusing a portion of the light beam onto a focal point in front of the image plane 
includes the step of locating a doublet lens below the field lens. 

7. A method according to Claim 6, wherein the step of directing the light beam in the first direction 
includes the step of diffusing the light beam to provide the light beam with a generally uniform intensity 
in a plane transverse to said first direction. 

8. A method according to Claim 6, wherein: the diffusing step includes the step of locating a diffuser in 
the path of the light beam; and 

the step of locating the doublet lens includes the step of positioning the doublet lens with a first 
focal point on the diffuser. 

9. A system for inspecting ophthalmic lenses, comprising 

a lens holder for holding the lenses in an inspection position; 
an array of pixels; 

an illumination subsystem to generate a light beam and to direct the light beam through the lenses 
in the inspection position and onto the pixel array and including 

i) a light source to generate the light beam, 

ii) a diffuser located in a path of the light beam to diffuse the light beam, and 

iii) a lens assembly located in the path of the light beam to focus a portion of the light beam passing 
through the lenses onto the pixel array, and to focus a portion of the light beam onto a focal point in 
front of the pixel array to form a diffuse background pattern on the pixel array; 

an imaging subsystem to generate a set of signals representing the light beam incident on the 
pixel array; and 

an image processing subsystem to receive said signals from the imaging subsystem and to 
process said signals according to a predetermined program to identify at least one condition of each 
of the lenses. 

10. A system according to Claim 9, wherein the ophthalmic lenses have center and peripheral zones and 
borders between said zones, and wherein the illumination subsystem is adapted to produce an image 
on the pixel array of the borders between the center and peripheral zones of the lenses. 

11. A system according to Claim 10, wherein the lens assembly includes: 

a field lens located between the light source and the inspection position; and 
a doublet lens located between the light source and the field lens. 

12. A system according to Claim 11, wherein the doublet lens has a first focal point on the diffuser. 

13. A method for inspecting ophthalmic lenses, comprising: 

placing the lenses in an inspection position; 
generating a light beam; 

directing the light beam through the lenses and onto an array of pixels to form images of the 
lenses thereon; 

locating a diffuser in a path of the light beam to diffuse the light beam; 

positioning a doublet lens in the path of the light beam to focus a portion of the light beam onto a 
focal point forward of the pixel array; 

positioning a field lens in the path of the light beam to focus a portion of the light beam passing 
through the lenses onto the pixel array; 
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